Plantaricin A (plA) is a 26-residue bacteria-produced peptide pheromone with membrane-permeabilizing antimicrobial activity. In this study the interaction of plA with membranes is shown to be highly dependent on the membrane lipid composition. PlA bound readily to zwitterionic 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) monolayers and liposomes, yet without significantly penetrating into these membranes. The presence of cholesterol attenuated the intercalation of plA into SOPC monolayers. The association of plA to phosphatidylcholine was, however, sufficient to induce membrane permeabilization, with nanomolar concentrations of the peptide triggering dye leakage from SOPC liposomes. The addition of the negatively charged phospholipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-glycerol POPG (SOPC/POPG; molar ratio 8:2) enhanced the membrane penetration of the peptide, as revealed by (i) peptide-induced increment in the surface pressure of lipid monolayers, (ii) increase in diphenylhexatriene (DPH) emission anisotropy measured for bilayers, and (iii) fluorescence characteristics of the two Trps of plA in the presence of liposomes, measured as such as well as in the presence of different quenchers. Despite deeper intercalation of plA into the SOPC/POPG lipid bilayer, much less peptide-induced dye leakage was observed for these liposomes than for the SOPC liposomes. Further changes in the mode of interaction of plA with lipids were evident when also the zwitterionic phospholipid, 1-palmitoyl-2-oleoyl-snglycerol-3-phosphoethanolaminne (POPE) was present (SOPC/POPG/POPE, molar ratio 3:2:5), thus suggesting increase in membrane spontaneous negative curvature to affect the mode of association of this peptide with lipid bilayer. PlA induced more efficient aggregation of the SOPC/POPG and SOPC/POPG/POPE liposomes than of the SOPC liposomes, which could explain the attenuated peptide-induced dye leakage from the former liposomes. At micromolar concentrations, plA killed human leukemic T-cells by both necrosis and apoptosis. Interestingly, plA formed supramolecular protein-lipid amyloid-like fibers upon binding to negatively charged phospholipid-containing membranes, suggesting a possible mechanistic connection between fibril formation and the cytotoxicity of plA. © 2006 Elsevier B.V. All rights reserved. Abbreviations: BrainPS, brain phosphatidylserine; CF, carboxyfluorescein; DPH, diphenylhexatriene; LUVs, large unilamellar vesicles; NBD-PG, 1-palmitoyl-2-(N-4-nitrobenz-2-oxa-1,3-diazol)amino-caproyl-sn-glycero-3-phospho-rac-glycerol; PBS, phosphate buffer saline; PC, phosphatidylcholine; PG, phosphatidylglycerol; plA, Plantaricin A; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-glycerol; PPDPC, 1-palmitoyl-2-[10-(pyren-1-yl)decanoyl]-sn-glycero-3-phosphocholine; PPDPG, 1-palmitoyl-2-[10-(pyren-1-yl)decanoyl]-sn-glycero-3-phospho-rac-glycerol; PS, phosphatidylserine; r, fluorescence anisotropy; RFI m , relative pyrene monomer fluorescence intensity; R(I e /I m ), relative excimer to monomer ratio; SOPC, 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine; π, surface pressure; π c , critical surface pressure abolishing the intercalation of the peptides into the lipid monolayers; π 0 , initial surface pressure; Δπ, increment in surface pressure ⁎ Corresponding author.
During the past two decades living organisms of all types have been found to produce a large repertoire of antimicrobial peptides, which play an important role as the first line of defense against microbial invasion [1] . These peptides appear to influence both the quality and the effectiveness of the immune responses, presumably by coupling between the innate and adaptive immune systems [2] [3] [4] . Antimicrobial peptides cause a rapid killing of microbes in vitro, often within minutes, and exhibit a broad spectrum of activity, targeting both Gram-positive and -negative bacteria, as well as fungi, parasites, enveloped viruses, and even tumor cells (for a review, see [5] ). In addition, their antimicrobial activity can be enhanced by the synergistic action with similar peptides produced by the host, as well as through the synergy between the peptides and other host factors, such as lysozyme [5] and phospholipase A2 [4] . Regardless of their sequence, size, charge, diastereomerism, and structure, most antimicrobial peptides kill bacteria in micromolar concentration range, thus supporting a non-receptor mediated mechanism of action [6] .
The development of new families of antibiotics to fight the worldwide emerging resistant bacterial strains is at present perhaps one of the most urgent scientific challenges [7] . As the mechanisms of action of antimicrobial peptides differ from those of conventional antibiotics, these peptides represent attractive substitutes and/or additional drugs. Elucidating their mechanisms of action and specific membrane damaging properties at a molecular level, viz. their selectivity for specific targets, is crucial for the rational design of novel antibiotic peptides. The latter task necessitates the optimization of multiple parameters, a problem that has proved difficult to solve [8] . Other obstacles which need to be overcome include high production costs, toxicity against eukaryotic cells, susceptibility to proteolytic degradation, and the development of allergies. Biosynthesis using recombinant DNA techniques could make large scale production feasible, although these peptides are usually lethal to the microorganisms used to produce them.
Considering the above, it is of interest to study microorganism-produced antimicrobial peptides. Among these, bacteriocins (such as nisin) produced by lactic acid bacteria have attracted much attention because of their potential use as food preservatives. The production of some bacteriocins is controlled by a quorum sensing mechanism involving secreted peptide pheromones [9] . The latter bear a net positive charge and some of them (plA, for instance) also possess antimicrobial activity. PlA is produced by Lactobacillus plantarum C11 and it controls the production of other antimicrobial peptides, in addition to exhibiting strain-specific antimicrobial activity [10] . Three plA variants (a 26 residue peptide and two N-terminally truncated forms containing 23 and 22 amino acids) have been identified and they are derived from a 48-residue precursor encoded by the plA gene [11] . The three variants display identical pheromone [9] and similar antimicrobial activities [10] . These two activities of plA have been reported to be due to different mechanisms, involving chiral and nonchiral interactions, respectively [12] . Interestingly, plA is unstructured in aqueous solutions and in the presence of zwitterionic liposomes, while in the presence of trifluoroethanol and liposomes composed of negatively charged phospholipids it forms a right-handed α-helix [12] . PlA is also able to permeabilize the cell membrane, causing partial dissipation of the transmembrane pH and membrane potential, thus suggesting that lipid membranes could be one target for its antimicrobial activity. However, the mechanism of killing by this peptide and its interaction with lipid membranes remain poorly understood. In this study we investigated the association of plA with different model membranes in vitro and studied its effects on cultured human leukemic cells.
Experimental procedures

Materials
HEPES and EDTAwere from Sigma (St. Louis, MO). Brain phosphatidylserine (brainPS), 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC), 1-palmitoyl-2-(N-4-nitrobenz-2-oxa-1,3-diazol)aminocaproyl-sn-glycero-3-phospho-rac-glycerol (NBD-PG), 1-palmitoyl-2-oleoyl sn-glycerol-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-rac-glycerol (POPG), 1-palmitoyl-2-(6,7-dibromostearoyl)-sn-glycero-3-phosphocholine (6,7-Br 2 -PC), 1-palmitoyl-2-(9,10-dibromostearoyl)-sn-glycero-3-phospho-choline (9,10-Br 2 -PC), 1-palmitoyl-2-(11,12-dibromostearoyl)-sn-glycero-3-phosphocholine (11,12-Br 2 -PC), and cholesterol were from Avanti Polar Lipids (Alabaster, AL). The fluorescent phospholipid analogs 1-palmitoyl-2-[10-(pyren-1-yl)decanoyl]-sn-glycero-3-phosphocholine (PPDPC) and 1-palmitoyl-2-[10-(pyren-1-yl)decanoyl]-sn-glycero-3-phospho-rac-glycerol (PPDPG) were from K and V Bioware (Espoo, Finland) and diphenylhexatriene (DPH) from EGA Chemie (Steinheim, Germany). Concentrations of the non-labeled lipids were determined gravimetrically with a high-precision electrobalance (Cahn, Cerritos, CA), as follows. Precisely measured volume (typically 50 μl) of the lipid stock solution in chloroform was applied on an aluminium weighing pan with a microsyringe (Hamilton, Bonaduz, Switzerland). The solvent was then removed under a gentle stream of nitrogen and the lipid residue maintained under reduced pressure for 1 h. The dry lipid was weighed, and the concentration of the stock solution was calculated. The high precision balance is calibrated using known weights before each concentration determination. According to the lab protocol, for each new stock solution the gravimetric assay is repeated twice and the difference must not be greater than 5% (usually <1%). Concentrations of the pyrene containing phospholipids, NBD-PG, and DPH were determined spectrophotometrically by their absorbance at 341 nm, using molar extinction coefficients of 38,000, 21,000, and 88,000 cm − 1 , respectively. The purity of the lipids was checked by thin layer chromatography on silicic acid coated plates (Merck, Darmstadt, Germany) developed with chloroform/methanol/water (65:25:4, v/v/v). Examination of the plates after iodine staining and when appropriate, upon UV-illumination, revealed no impurities. Hoechst 33342, propidium iodide, and sytox green nucleic acid stain were the products of Molecular Probes (Eugene, OR, USA). Caspase-3 intracellular activity assay kit PhiPhiLux™ was from Calbiochem-Novabiochem (San Diego, CA, USA).
Synthesis, purification, and analysis of peptides
Plantaricin A-26L (PlA; i.e., the 26-mer form containing only L-amino acids; sequence KSSAYSLQMGATAIKQVKKLFKKWGW; see [10, 12] ) was synthesized according to the sequence reported previously [10, 11] . For purification using the FPLC chromatography system (Amersham Biosciences, Buckinghamshire, England), the synthetic peptides were solubilized in 0.1% (v/v) trifluoroacetic acid and applied to a PepRPC HR 5/5 C2/C18 reverse-phase column (Amersham Biosciences) equilibrated with 0.1% (v/v) trifluoroacetic acid. The peptides were subsequently eluted from the column with a linear 15-60% (v/v) 2-propanol gradient containing 0.1% (v/v) trifluoroacetic acid. The fractions containing the desired peptides were then diluted 4-to 5-fold with H 2 O containing 0.1% (v/v) trifluoroacetic acid and rechromatographed as above. The chromatography step was repeated 2-3 times until homogeneous fractions were obtained. The primary structures and purity of synthetic plA were confirmed by mass spectroscopy using a MALDI-TOF Voyager-DERP mass spectrometer (PerSeptive Biosystems, Framingham, MA, USA) and by analytical reversephase chromatography using a RPC SC 2.1/10 C2/C18 column and the SMART chromatography system (Amersham Biosciences). Peptide concentrations were determined by measuring absorbance at 280 nm, using the molar extinction coefficient of 12 660 M −1 cm −1 deduced from the amino acid composition of plA in 6.0 M guanidium hydrochloride, 0.02 M phosphate, pH 6.5.
Preparation of large unilamellar vesicles (LUVs)
Appropriate amounts of the lipid stock solutions were mixed in chloroform to obtain the desired compositions. The solvent was removed under a stream of nitrogen and the lipid residue was subsequently maintained under a reduced pressure for at least 2 h. The dry lipids were hydrated at room temperature in 20 mM HEPES, 0.1 mM EDTA, pH 6.0. The resulting dispersions were extruded through a polycarbonate filter (100 nm pore-size, Millipore, Bedford, MA, USA) using a Liposofast low pressure homogenizer (Avestin, Ottawa, Canada) to obtain large unilamellar vesicles, with average diameters between 111 to 117 nm [13] .
Penetration of Plantaricin A into lipid monolayers
Penetration of plA into lipid monolayers was measured essentially as described previously [14] using magnetically stirred circular Teflon wells (Multiwell plate, subphase volume 1.2 ml, Kibron Inc., Helsinki, Finland). Surface pressure (π) was monitored with a Wilhelmy wire attached to a microbalance (Delta Pi, Kibron Inc., Helsinki, Finland) interfaced to a computer. Lipids were mixed in the indicated molar ratios in chloroform (approximately 1 mg/ml) and then spread in this solvent onto the air-buffer (20 mM HEPES, 0.1 mM EDTA, pH 6.0) interface. The lipid monolayers were allowed to equilibrate for approximately 15 min at different initial surface pressures (π 0 ) before the injection of plA into the subphase to yield a final concentration of 0.5 μM peptide. The increment in π after peptide addition was complete in approximately 30 min and the difference between the initial surface pressure (π 0 ) and the value observed after the penetration of peptide into the films was taken as Δπ. The data shown represent the average from triplicate measurements and are represented as Δπ vs. π 0 . All measurements were performed at ambient temperature (≈24°C).
Peptide-induced leakage of liposome contents
The leakage of liposome contents to the external medium was monitored by measuring as a function of peptide concentration the release of 5(6)-carboxyfluorescein (CF) trapped inside the vesicles [15] . Liposomes were prepared as described above while lipids were hydrated in a buffer containing 50 mM CF. The external dye was separated from the vesicles by gel filtration on a Sephadex G-25 (1 cm × 20 cm) column eluted with an isoosmolar buffer [16] . Lipid concentrations were determined by static light scattering at 600 nm, using a standard curve [16] . Leakage of CF from liposomes was detected as an increase in its fluorescence intensity, monitored using Perkin-Elmer LS50B spectrofluorometer with excitation and emission wavelengths of 480 and 512 nm, respectively, with both excitation and emission bandpasses set at 2.5 nm. The reading was stabilized for 15 min after each addition of plA. Maximum leakage was induced by adding Triton X-100 (0.05%, w/v, final concentration), and the percentage of CF leakage was determined from:
where F t is the fluorescence intensity 15 min after addition of the peptide, F 0 is the intensity of vesicles alone at time zero, and F max is the intensity after the addition of Triton X-100.
Measurement of I e /I m
The effects of plA on bilayer lipid dynamics were addressed using pyrenelabeled phospholipid analogs PPDPG or PPDPC (X = 0.01), as indicated. Both of these are versatile fluorescent membrane reporters, which allow one to utilize the characteristic features of pyrene photophysics. In brief, excited pyrene may either relax back to the ground state by emitting at approximately 400 nm or collide with a ground state pyrene so as to yield an excited dimer, excimer. The latter relaxes back to two ground state pyrenes while emitting at approximately 480 nm. As only 1 mol% of the fluorescent lipid was incorporated in the vesicles, it can be assumed to distribute homogeneously within the membrane, and in the present case the effect of the charge of the pyrene lipid is negligible. Our previous studies revealed that antimicrobial peptides such as indolicidin, magainin 2, and temporins reduce the fluorescence quantum yields of pyrene-labeled lipids, thus providing additional information on the peptide-lipid interaction [14, 17] . Fluorescence emission spectra for liposomes containing the indicated fluorescent probe were measured with a Perkin-Elmer LS50B spectrofluorometer at 20°C with a magnetically stirred, thermostated cuvette compartment using excitation wavelength of 344 nm and quartz cuvettes with 1 cm path length. Bandwidths of 5 nm were used for both excitation and emission. The lipid concentration used was 20 μM. After the addition of appropriate amounts of the peptide, samples were equilibrated for 5 min before recording the spectra. Three scans were averaged and the emission intensities at ≈398 and 480 nm were taken for I m and I e , respectively.
Fluorescence anisotropy of DPH
To estimate peptide-induced changes in lipid acyl chain order [18] the rod-like, hydrophobic fluorophore DPH was included into liposomes at X = 0.002 and the impact of plA on its steady state fluorescence anisotropy r was measured. The lipid concentration used was 30 μM with temperature maintained at 20°C. Polarized emission was measured in the L-format using Polaroid-type filters with a PerkinElmer LS50B spectrofluorometer. Excitation was at 360 nm and emission at 450 nm, with 5 nm band widths. Values for r were calculated from:
where I || and I ⊥ are the parallel and perpendicular, respectively, components of DPH emission, with respect to the direction of the polarized excitation. The Gfactor correction is automatically performed by an in-house written script embedded into the software provided by the instrument manufacturer. Fluorescence anisotropy measurements were performed twice, and the average value with standard deviation error bars is shown.
Lipid-induced changes in Trp fluorescence of plA
Alterations in the microenvironment of the two Trps of the peptide upon binding to lipid bilayers were monitored by measuring its Trp fluorescence, as described previously for temporin L [17, 19] . LUVs were added to a solution of Cary Eclipse spectrofluorometer (Varian, Mulgrave, Victoria, Australia) with both emission and excitation bandpasses set at 10 nm. The tryptophan residues of plA were excited at 290 nm and emission spectra were recorded from 310 to 450 nm, averaging five scans. Spectra were recorded as a function of the lipid/ peptide molar ratio and corrected for the contribution of light scattering in the presence of vesicles. Blue shifts were calculated as the differences in wavelength of the maxima in the emission spectra of the peptide recorded with and without liposomes. Standard deviation for the blue shift was less than 0.5 nm.
Quenching of Trp emission by acrylamide
Acrylamide is a water soluble collisional quencher of Trp fluorescence, and as a polar molecule penetrates the nonpolar regions of neither proteins nor lipid bilayers. Consequently, the extent of quenching by acrylamide depends on protein conformation and association with liposomes. To reduce the absorbance by acrylamide, excitation of Trp at 295 nm was used [20] . Aliquots of a 3.0 M solution of acrylamide were added to peptide-containing solutions in the absence or presence of liposomes at peptide/lipid molar ratio of 1:120. Five scans were averaged, and the values obtained were corrected for dilution and scattering derived from acrylamide titration of a vesicle blank. The data were analyzed according to the Stern-Volmer equation [21] :
where F 0 and F are the fluorescence intensities in the absence and the presence of the quencher (Q), respectively, and K sv is the Stern-Volmer quenching constant, providing a measure for the accessibility of Trp to acrylamide.
Quenching of Trp emission by brominated phosphatidylcholines
Collisional quenching of Trp by brominated phospholipids (Br 2 -PCs) was introduced to assess the localization of this residue in bilayers [20] . Br 2 -PCs are considered to be well suited for this purpose as they should introduce only an insignificant perturbation into the membrane [22] . LUVs containing either 6,7-Br 2 -PC, 9,10-Br 2 -PC or 11,12-Br 2 -PC (X = 0.30) were prepared as above. The indicated LUVs were added to a plA solution (final concentration of 1 μM in 20 mM HEPES, 0.1 mM EDTA, pH 6.0) and the Trp emission spectra were recorded as described above.
Measurement of light scattering
Intensity of 90°light scattering of the liposomes (20 μM, final concentration) in 20 mM Hepes, 0.1 mM EDTA, pH 6.0, was monitored at 500 nm using the Perkin Elmer LS 50B spectrofluorometer with both excitation and emission bandwidths set at 2.5 nm. Scattering intensity was measured continuously after the addition of indicated amounts of plA. Background due to the buffer with or without the peptide in the absence of LUVs was negligible.
Assessment of the Cytotoxicity of Plantaricin A
Human leukemic T cells (Jurkat) were grown in a completely humified atmosphere with 95% air and 5% CO 2 at 37°C in RPMI-1640 medium containing 25 mM HEPES and 2.05 mM L-alanyl-L-glutamine (Gibco, Paisley, UK), supplemented with 10% fetal bovine serum, penicillin (100 units/ml), streptomycin (100 μg/ml), and amphotericin B (0.25 μg/ml, Gibco). Counting of cells was performed with a hemocytometer and cell viability was checked with trypan blue exclusion. Cells were cultured at 20 or 37°C for 1 h with the indicated concentrations of plA. The cells were then washed twice with PBS (pH 7.4) and finally resuspended in PBS followed by the addition of sytox green to a final concentration of 0.5 μM. The cells were observed with an Olympus 1 X 70 inverted microscope (Olympus Optical co., Tokyo, Japan) equipped with a spinning-disk confocal scanner (CSU-10, Yokogawa, Tokyo, Japan) and a krypton ion laser (Melles Griot, Carlsbad, CA, USA). Selective excitation of bound sytox green (excitation and emission maxima at 504 nm and 523 nm, respectively) was achieved using the 488 nm emission peak of the laser. The emission of the dye was observed using appropriate long-pass filters (>510 nm) of the scanner. Differential interference contrast (DIC) and fluorescence images were acquired with a Peltier cooled B/W CCD camera (C4742-95-12 NRB, Hamamatsu Photonics K.K., Hamamatsu, Japan) using dedicated software (AquaCosmos 2.0, Hamamatsu). The sytox green positive cells were counted from the images and the number of dead cells induced by plAwas calculated by subtracting the number of dead cells in the corresponding control in the absence of plA.
Intracellular caspase-3 activity in cells was assessed by fluorescence microscopy using the PhiPhiLux™ assay, following the manufacturer's (Calbiochem) instructions. This assay is based on the cleavage by caspase-3 of the synthetic peptide substrate with two conjugated fluorophores, resulting in the emergence of green fluorescence. To explore possible correlation between caspase-3 activity, cell viability, and the nuclear morphology, the cells were labeled with PhiPhiLux, propidium iodide, and Hoechst 33342, respectively. Following the treatment of cells with plA, the cells were washed thrice with PBS and finally resuspended in 75 μl of the 10 μM substrate solution of the PhiPhiLux kit. The pellet was dissolved with gentle pipetting and incubated in a 5% CO 2 atmosphere in dark at 37°C for 60 min. Immediately following incubation, the cells were washed thrice with PBS and then stained with propidium iodide and Hoechst 33342. Appropriate aliquots were subsequently applied on microscopy slides for fluorescence microscopy. Filters with transmission bands of 365 ± 25 and 450 ± 29 nm were used for the excitation and emission, respectively, of Hoechst 33342 (excitation maximum at 350 and emission maximum at 461 nm), while filters transmitting between 460-490 and 515-550 nm were used for PhiPhiLux (excitation maximum at 505 and emission maximum at 530 nm). A filter transmitting at 520-550 nm and a long pass filter 580 nm was used for the excitation and emission for propidium iodide, respectively. Images were acquired with a Peltier cooled camera as above.
Amyloid fiber formation
PlA was added (to yield 1 μM final concentration) to a solution of 100 μM SOPC/brain PS LUVs in 20 mM HEPES, 0.1 mM EDTA, pH 7.0, and the formed aggregates were observed by phase contrast microscopy (Olympus IX 70). For polarized microscopy, the fibers were stained with 10 μM Congo red and their resulting birefringence observed by the above inverted microscope with crossed-polarizers in the excitation and emission paths. When indicated, the fluorescent phospholipid NBD-PG was incorporated into liposomes (X NBD-PG = 0.02) and the aggregates formed by the liposomes and plA were observed with the above fluorescence microscope and the confocal scanner with excitation at 488 nm and a long pass emission filter (>510 nm) appropriate for monitoring NBD fluorescence.
Results
Penetration of Plantaricin A into lipid monolayers
The initial contact of plA with cells occurs at the outer surface of their surrounding membrane. Accordingly, lipid monolayers residing on the air/water interface provide an excellent model to study the roles of membrane lipids in this first phase of interaction of antimicrobial peptides with their target cells [14, 17] . PlA readily inserted into SOPC monolayers (Fig. 1) revealing this peptide to be surface active, in keeping with its amino acid composition and the studies by Hauge et al. [12] . In agreement with 
Impact of Plantaricin A on the permeability of liposomes
Membrane permeability due to plA was assessed by monitoring the leakage of the fluorescent dye, carboxyfluorescein (CF), entrapped within LUVs. Interestingly, plA induced the release of CF from liposomes, with efficiencies dependent on vesicle lipid compositions (Fig. 2) . Our above experiments on the penetration of plA into SOPC monolayers suggest little if any intercalation of plA into the hydrocarbon region of PC bilayers . However, the leakage of CF from SOPC vesicles caused by plA was more extensive than from SOPC/POPG (8:2, molar ratio) liposomes at lipid/peptide molar ratios exceeding ≈200, whereas below this ratio the dye leakage from these two types of vesicles was similar. Although the presence of POPE in the monolayers enhanced the lipid association of plA (Fig. 1) , the membrane permeabilizing effect of plA in the liposomes containing this phospholipid seemed to be significantly reduced (Fig. 2) . Yet, the reduction in dye leakage could be apparent only, since plA caused extensive aggregation of POPE containing liposomes (see below), which is expected to reduce the diffusion of the dye from liposomes into the bulk solution. As argued in Discussion, this effect of PE could also relate to the spontaneous negative curvature of this phospholipids.
Effects of Plantaricin A on lipid dynamics in bilayers
The effects of plA on lipid membranes were further studied with fluorescent probes incorporated into lipid bilayers. For a pyrene-containing phospholipid analog such as PPDPC or PPDPG, the values for I e /I m depend on the rate of intermolecular collision between pyrenes, reflecting the lipid lateral mobility, as well as on the local concentration of the fluorophore in the membrane (for reviews, see [25, 26] ). To investigate the effects of plA on lipid dynamics, a trace amount (X = 0.01) of either PPDPC or PPDPG, as indicated, was incorporated into LUVs with different lipid compositions and the emission spectra for the pyrene labeled fluorescent phospholipids were recorded. Similarly to the antimicrobial peptides investigated by us previously [14, 17] , quenching of pyrene fluorescence by plA was evident (Fig. 3) . More specifically, a minor decrease in I m was observed for both SOPC and SOPC/POPG (8:2, molar ratio) vesicles whereas a pronounced decrement was seen for SOPC/POPG/POPE (3:2:5) liposomes (Fig. 3, panel A) . The observed changes in pyrene excimer emission intensity (I e ) were in all cases essentially parallel to those for I m (data not shown). Similarly to the antimicrobial peptides studied previously [14, 17, 19] this quenching of pyrene emission by plA could result from both π-π interactions between the pyrene and Trp residues as well as from contacts of the cationic residues of plA with the fluorophore, i.e., π-cation interactions [14, 17] . PlA caused a slight decrease in the I e /I m values for SOPC vesicles (Fig. 3, panel B) , while I e /I m increased significantly for SOPC/POPG and somewhat less for SOPC/POPG/ POPE LUVs, indicating clustering of the acidic phospholipids to be caused by plA. Subsequently, we investigated the impact of plA on the steady state fluorescence anisotropy r for the membrane incorporated rod-like fluorophore DPH, this parameter reflecting the acyl chain order in lipid bilayers [18] . The value for r in SOPC LUVs remained unchanged upon the binding of plA (Fig. 4) , thus complying with the notion that plA resides only on the surface of the vesicles. However, plA caused an increase in r from 0.172 to 0.193 in the presence of POPG, revealing augmented lipid acyl chain order, and in keeping with intercalation of part of the peptide into the hydrocarbon region of the bilayer. The presence of POPE in liposomes increased the starting levels of r, as expected from the effective shape and the impact of this H II phase promoting phospholipid on the lipid lateral pressure profile [27] . For these LUVs (SOPC/POPG/POPE = 3:2:5, molar ratio), plA increased DPH anisotropy in a more complex manner. More specifically, upon the addition of plA to these liposomes, the value for r first increased and reached a maximum at a lipid/peptide molar ratio of approximately 43:1 (Fig. 4) , whereas further addition of the peptide reduced DPH anisotropy, its values saturating at a lipid/ peptide molar ratio of approximately 27:1. As the net charge of plA is +6, the saturation is observed in the range where the total negative charge of PG in liposomes is equal to the total positive charge of plA in the system (at [peptide] = 1 μM, lipid/peptide = 30/1).
Lipid induced changes in the Trp emission of Plantaricin A
The characteristics of Trp fluorescence are sensitive to changes in the microenvironment of this amino acid side chain, such as those caused by alterations in peptide conformation and membrane association. We assessed the effects of LUVs on the fluorescence of the two Trp residues in the C-terminus of plA. Trp emission of plA increased somewhat in the presence of SOPC liposomes, without other effects on their combined spectra (Fig. 5,  panel A) . In the presence of POPG-containing LUVs, however, a significant and progressive increase in fluorescence intensity was observed and further accompanied by pronounced blue shifts (Fig. 5) , revealing that the average microenvironment of the two Trp residues had become more hydrophobic, with augmented contacts with the lipid acyl chains. This could result from (i) intercalation of the Trps into the bilayer, (ii) extended lipid conformation of the contact sites, or both (i) and (ii). Interestingly, in the presence of POPE (SOPC/POPG/POPE, 3:2:5, molar ratio), the increase in Trp emission intensity was reduced while the spectra exhibited similar blue shifts as seen for SOPC/POPG liposomes (Fig. 5, panel B) .
Quenching of Trp by acrylamide
The changes observed in the emission of W24 and W26 (see sequence in Experimental procedures) upon the binding of plA to PG-containing liposomes indicate that the two residues are in contact with the hydrophobic parts of the bilayers, i.e., the lipid acyl chains. In order to investigate to what extent the two Trp residues are exposed to the aqueous phase, we employed the water-soluble collisional quencher acrylamide. In the presence of the latter, Trp fluorescence emission of plA in an aqueous buffer decreased in a concentration-dependent manner without other effects on the spectra, yielding a Stern-Volmer constant K sv of 9.04 M −1 (Fig. 6 ). For SOPC liposomes, the quenching of Trp emission was nearly identical to that for the peptide in buffer (K sv =8.63 M −1 ), showing that the two Trp residues were accessible to the water soluble quencher and resided entirely on the membrane surface. However, when plA was bound to POPGcontaining liposomes (X=0.20), the quenching of Trp fluorescence by acrylamide became less efficient (K sv =2.50 M −1 ), revealing that the Trp residues had now become less accessible to the quencher. A similar decrease in Trp emission was caused by acrylamide (K sv = 2.71 M −1 ) when also POPE (X=0.50) was present in SOPC/POPG LUVs. The orientation of plA in liposomes is thus significantly influenced by POPG.
Quenching of Trp by Br 2 -phosphatidylcholine
The reduced access of the aqueous quencher acrylamide to Trp residues of plA upon the binding of this peptide to lipid membranes should be accompanied by an increased accessibility to quenchers present in the hydrocarbon phase of the bilayers. The intercalation of the Trp residues of plA into the hydrophobic core of the membrane was investigated using Br 2 -phosphatidylcholines with bromines located at different positions in the acyl chain and thus at different depths in the membrane bilayer. For SOPC liposomes, none of the Br-phospholipids caused quenching of plA Trps (data not shown), supporting the notion that the peptide becomes bound to the membrane surface only. However, in the presence of POPG (X=0.20), significant quenching by Br-labeled phospholipids became evident (Fig. 7, panel A) . More specifically, most efficient quenching was caused by 6, 7-Br 2 -PC with a maximum value for F 0 /F of approximately 2 (corresponding to ≈50% quenching). Least quenching was due to 11, 12-Br 2 -PC, with a value for F 0 /F of 1.5. Compared to SOPC/POPG vesicles, the quenching of Trp emission by Br-labeled phospholipids was further enhanced by POPE. Accordingly, most extensive quenching by 6, 7-Br 2 -PC was evident for SOPC/POPG/POPE (3:2:5) liposomes with a maximum F 0 /F value of approximately 3.2 (Fig. 7, panel B) .
Aggregation of liposomes due to Plantaricin A
Visual inspection of the plA-liposome samples indicated that plA in some cases induced vesicle aggregates. Accordingly, the impact of plA on liposomes was further studied using 90 o light scattering. The latter increased after the addition of the peptide to a final concentration of 0.23 μM to a solution of 20 μM SOPC LUVs (Fig. 8, panel A) , in keeping with the binding of the peptide to the membrane [28] . Further addition of the peptide (to a final concentration of 0.45 μM) caused a slight decrease in light scattering, thus suggesting weak aggregation of SOPC liposomes. In the presence of POPG (X=0.20), 0.23 μM plA induced a similar increase in scattering as shown above for SOPC liposomes. Upon addition of more peptide (to a final concentration of 0.45 μM), the scattering intensity increased dramatically while further addition of plA (to final concentration of 0.68 μM) caused a sharp decrement, in keeping with macroscopic vesicle aggregation (Fig. 8, panel B) . Interestingly, in the presence of POPE, already the first addition of the peptide (to 0.23 μM) caused a slight decrease in light scattering and subsequent addition of the peptide (0.45 μM, final concentration) caused the intensity to decrease rapidly below the starting level (Fig. 8, panel C ) , again implying macroscopic aggregation of the vesicles. At this stage we cannot distinguish between two mutually non-exclusive mechanism(s), viz. formation of amyloid-like aggregates by the protein, and protein induced liposome aggregation (see below).
Cytotoxicity of Plantaricin A to cancer cells
The above data reveal the association of plA with membranes, particularly those containing the acidic phospholipid PG, causing their rupture with increased permeability. Interestingly, phosphatidylserine (PS), another acidic phospholipid, is found in the extracellular plasma membrane leaflet of cancer cells and vascular endothelial cells in tumors [29, 30] . Accordingly, it was of interest to study the cytotoxicity of plA to cultured leukemia cells. Exposure of the latter to increasing concentration of plA caused a significant decline in cell viability (Fig. 9) . The cytotoxicity of plA to cancer cells was concentration-and temperature-dependent. More specifically, at low peptide concentrations (5 and 10 μM), cell survival was independent on temperature. However, different sensitivity of the cells to plA was observed at 20 and 37°C when the concentration of the peptide was above 15 μM. Accordingly, approximately 75% of the cells were killed by 25 μM plA at 20°C while approximately 55% were killed at 37°C. PlA killed cancer cells not only by necrosis but also by apoptosis, causing fragmentation of cell nuclei and plasma membrane blebbing, the characteristic morphological hallmarks of apoptosis (Fig. 10) . Also caspase-3 activity was enhanced by plA when compared to control cells (Fig. 11) .
Amyloid fiber formation
We have previously shown that membranes containing negatively charged phospholipids PS or PG induce a rapid formation of amyloid-like fibers by a variety of cytotoxic and/or apoptotic proteins [31] . As it is possible that lipid-induced polymerization of these proteins relates to their toxicity, it was of interest to study the aggregates formed by plA and liposomes by microscopy. As PS is found in the extracellular plasma membrane leaflet of cancer cells and vascular endothelial cells [29, 30] we used liposomes containing PS (X = 0.20). Interestingly, fibrous aggregates developed rapidly upon adding plA to PS-containing liposomes (Fig. 12, panel A) . Yet, there is no specificity with respect to the acidic phospholipid headgroup and similar fibers were observed using PG-containing LUVs (data not shown). Subsequent Congo red staining of these fibers yielded the light green birefringence characteristic for amyloid (Fig. 12, panel B) . These fibers also became fluorescent when trace amounts (X = 0.02) of the phospholipids analogs NBD-PG or bodipy-PC were incorporated in the liposomes (Fig. 12, panel C ) , thus revealing that the resulting fibers include phospholipids, as is the case for the fibers formed by other cytotoxic or apoptotic proteins that we have studied [31, 32] .
Discussion
Virtually all types of organisms use antimicrobial peptides for defense against microbial infections. However, the exact molecular level mechanisms of action of these peptides still remain to be elucidated. It is widely believed that cationic antimicrobial peptides disrupt bacterial membranes, thus allowing free exchange of intra-and extracellular contents of the target cells [33] . The selectivity of many antimicrobial peptides appears to relate to differences in the lipid composition of the external membranes of prokaryotic and eukaryotic cells, i.e., the high content of negatively charged phospholipids (phosphatidylglycerol and cardiolipin) in the outer bacterial membrane leaflet as opposed to the outer leaflet of the plasma membrane of eukaryotes, which consists of cholesterol and zwitterionic lipids, being enriched in phosphatidylcholine and sphingomyelin [34] . Accordingly, it has been postulated that it is the net positive charge, a conserved property of antimicrobial peptides that allows them to bind preferentially to the negatively charged bacterial membrane [35] [36] [37] . The electrostatic association of the cationic peptides with acidic phospholipids is likely to be significant because of several mechanistic reasons. First, it causes efficient concentration of the peptide on the target cell membrane, orienting the surface-bound peptide, and upon exceeding a critical threshold in local concentration, causing efficient peptide aggregation prompted by neutralization of the peptide positive charge. The fact that acidic lipids promote membrane association of these peptides and subsequent aggregation and fibril formation adds to their selectivity by limiting the formation of putative toxic fibrils (see below) onto the external surfaces of target cells only. Second, the concentrating effect of the target cell acidic lipids allows lower peptide concentrations to be effective, thus reducing the formation of toxic peptide fibrils already in solution. Also the presence of cholesterol seems to be important, and may contribute to the protection of the eukaryotic antimicrobial peptidesecreting host, this lipid preventing the intercalation of antimicrobial peptides into the membrane, as demonstrated for magainin 2, indolicidin, and temporin L, for example [14, 17] . Interestingly, this membrane intercalation attenuating effect of cholesterol could be demonstrated here also for plA (Fig. 1) . Obviously, this effect is unlikely to relate to host protection and it seems plausible that the impact of cholesterol on the membrane interactions of plA reflects a common property of many antimicrobial peptides and a change in some physical property of the lipid phase such as altered lateral pressure profile.
The current study demonstrates that the antimicrobial peptide plA interacts with lipid membranes in a manner depending on lipid composition, thus extending the previous findings reported by Hauge et al. [12] on the role of acidic phospholipids in the interaction of plA with membranes. Langmuir film studies reported here revealed this peptide to bind avidly to membranes, its intercalation into lipid monolayers being enhanced by the negatively charged phospholipid, POPG (X = 0.20), and further augmented by the zwitterionic, H II phase promoting phospholipid, POPE (X = 050). In keeping with the above, we could also demonstrate the association of plA with lipid bilayers (LUVs) to be enhanced by POPG. Interestingly, plA effectively permeabilized bilayers, with most rapid plA triggered dye leakage observed for SOPC liposomes. This is intriguing as several techniques, viz. DPH anisotropy, as well as quenching by acrylamide and brominated PCs revealed that plA binds only to the surface of SOPC vesicles. Yet, this type of interaction of plA with the liposome seems to be sufficient to induce the increase in membrane permeability. One possibility could be that plA in this case acts by the 'carpet'-mechanism [38] , causing an imbalance of the relative areas of the outer and inner leaflets of the bilayer by expanding the former. As the leakage is observed already at nanomolar plA concentrations and corresponding to peptide/phospholipids ratio of 1 to 6700, this mechanism would a priori seem unlikely. However, the formation of a highly localized 'carpet' cannot be excluded. As plA is prone to form aggregates in the presence of negatively charged lipids and as PC is, in fact slightly anionic, it is possible that plA aggregates already in very low surface concentrations in a manner sufficient to break locally the balance between the areas of the bilayer leaflets. This would be compatible with the thinning of supported phosphatidylcholine bilayers upon the binding of a model antimicrobial peptide MSI-78 [39] . It is also possible that the increase in membrane permeability occurs due to different mechanisms for bilayers with different lipid compositions. Along these lines the formation of local 'carpet' could be involved in the permeabilization of SOPC vesicles, while fibril formation may be responsible for the permeabilization of membranes containing acidic phospholipids (see below).
Light scattering measurements showed that plA causes aggregation of POPG-containing liposomes, which was further enhanced by POPE. The latter effect could be due to the poor hydration of PE headgroups and promotion of the H II phase by this lipid. The vigorous aggregation observed for POPE containing LUVs could also underlie the attenuated dye leakage observed in the presence of this phospholipid (Fig. 2 ). Yet, also the negative spontaneous curvature imparted by POPE on membrane could be involved in inhibiting dye leakage. To this end, positive curvature strain has been demonstrated in the membrane perturbation by MSI-78 and LL-37 [40, 41] . The interaction of plA with POPG containing membranes appears to increase the acyl chain order assessed by steady state DPH anisotropy. The impact of POPE on the changes in r further implies different mechanisms of peptidemembrane interaction to be involved when comparing bilayers containing PG and those containing both PG and PE. Somewhat analogous complex dependence on lipid composition has been shown for pardaxin, for instance [42] .
As plA contains two Trp's, we cannot at this stage assign the observed fluorescence changes to a specific residue. However, the two Trps W24 and W26 of plA are very close, separated by a single sterically non-perturbing glycine. It is therefore feasible, that when embedded in bilayers both Trps of plA are experiencing very similar, albeit not necessarily identical physicochemical environments. While remaining on the surface in the zwitterionic membranes, increment in DPH anisotropy and comparison of the quenching of Trp fluorescence by acrylamide and the brominated phospholipids suggest plA to become inserted into the lipid bilayers containing negatively charged phospholipids. In the presence of POPE (Fig. 7, panel B) , the quenching of Trp fluorescence by brominated PC's was even more effective than observed for SOPC/POPG liposomes (8:2, molar ratio). Yet, the increase in Trp fluorescence intensity upon the binding of plA to POPE containing liposomes was less than for SOPC/POPG liposomes (Fig. 5, panel A) , perhaps indicating a shift produced by POPE in the distribution of plA between surface and membrane-embedded conformations towards the latter. Also the monomer emission intensity I m for pyrene-labeled phospholipids containing membranes was dramatically decreased by plA in the presence of POPE (Fig. 3, panel A) . This effect could be caused by augmented chain reversal of the pyrene-labeled phospholipids analog due to an augmented acyl chain packing caused by POPE. To conclude, while we cannot at this stage exclude the possibility that POPE interacts with plA by hydrogen bonding, the observed enhanced quenching of pyrene as well as Trps upon the binding of plA to POPE containing LUVs could relate to the pronounced impact of POPE on the membrane lateral pressure profile, increasing acyl chain packing and increased negative spontaneous curvature, thus facilitating membrane aggregation and fusion [27] . The peak seen in DPH anisotropy for POPE containing vesicles could thus be caused by plA first increasing acyl chain packing in the bilayers (Fig. 4) . With further increase in the amount of peptide incorporated into the lipid and after reaching a critical threshold concentration, additional changes in the orientation of plA in the membrane seem to take place, together with extensive vesicle aggregation. While acrylamide quenching is not affected by POPE, it seems feasible that the enhanced quenching of Trp fluorescence in the presence of this phospholipid due to the brominated PCs as well as the augmented quenching of pyrenelabeled lipids could also result from chain reversal [43] [44] [45] , driven by augmented chain-chain interactions inside the bilayer.
We have recently reported on the formation of supramolecular protein-lipid fibers by several cytotoxic proteins and peptides [31, 32] . The physicochemical basis of amyloid formation remains incompletely understood. There seems to be a consensus about peptide aggregation being prompted by partial unfolding of proteins. This can be consistently enhanced in a slightly hydrophobic environment at acidic pH and both hydrophobicity and the net charge of the protein seem to be crucial, neutralization of the charges triggering aggregation. To this end, the membranes additionally provide a highly anisotropic environment, efficiently aligning the peptides in the lipid-water interface. The detailed processes leading to amyloid formation remain poorly understood and there are several recent reports demonstrating the complexity of pathways yielding amyloid and amyloid-like fibrils (see for instance [46, 47] ). Our own studies on this subject have revealed lipidinduced amyloid-like fibers to be heterogeneous in terms of the conformation of their contained proteins [Alakoskela et al., 2006, to be published], varying from mainly α-helical to predominantly β-sheet. Accordingly, at this stage we only refer to these fibers as amyloid-like, in particular as Congo Red staining has been shown to be only a tentative indicator for the formation of true amyloid [48] . In this context it is relevant to note that there seems to be consensus about the prefibrillar aggregates being the toxic form of the peptides, while the final states of aggregation, true amyloid fibers would be non-toxic [49, 50] . Interestingly, we observed formation of amyloid-like fibers upon the binding of plA with negatively charged phospholipidcontaining membranes. As reported by us previously, this process appears to be driven by coulombic forces between the cationic residues of the proteins and the acidic phospholipids, exhibiting no specificity to the latter. It is of interest that also the cationic antimicrobial peptides temporin L, magainin 2, and indolicidin form Congo red staining fibers in the presence of liposomes containing acidic phospholipids [32] , and we have subsequently demonstrated this also for a number of other peptides, including LL-37 and melittin (Sood et al., unpublished observations). Binding of plA to lipid membranes could cause rearrangement of lipids in the bilayer, promoting the entry of the peptide into the cells, similarly to the effects of antimicrobial peptides temporin L, magainin 2, and indolicidin [14, 17] and histone H1 [51] . It seems feasible that the observed fiber formation by plA triggered by negatively charged phospholipid could be directly related also to its cytotoxicity, similarly to the toxicity of fibrils formed by the paradigm of amyloid-forming peptides, Aβ, responsible for cell death and loss of tissue function in Alzheimer's disease.
A possible mechanistic connection between fibril formation and cytotoxicity is intriguing and is supported by the mechanism of action suggested for lytic bacterial toxins, involving their binding to lipid membranes and subsequent aggregation into a pore, permeabilizing the bilayer, as shown for cytolysin [52] . Somewhat analogous mechanism of membrane permeabilization has been proposed for α-synuclein protofibrils [53] . Based on our previous and present findings we suggest a model for the membrane damage by Plantaricin A as well as other fiber forming proteins and peptides. In brief, the simplest arrangement for the fibrous peptide causing the membrane to become highly leaky is illustrated (Fig. 13 ). More specifically, we suggest the lipid-bound peptides to arrange into a linear, amphipathic array, the hydrophobic side of which is facing the lipid bilayer (to the left). Toxicity would be caused by the other surface of the linear aggregate being hydrophilic, as this facet cannot seal by hydrophobic interactions with the opposing contacting bilayer. As a consequence, lipids in the latter are forced to adopt a highly positive curvature [40, 41] . The resulting arrangement ('leaky slit') would be highly permeable to solutes and difficult for the cell to repair. The only stringent requirement for toxicity in this model is fibrillar organization and amphipathic nature of the fibril, spanning the bilayer. It is readily evident that variations in this overall scenario are possible regarding the exact molecular arrangement and conformation of the peptide. Accordingly, the fibril could vary in length and could be constituted by α-helical as well as β-sheet structures. The peptides may further be long enough to span the bilayer as such or require dimer formation, such as suggested by our studies on temporin L [19] . Along these lines hydrophobic matching condition could influence the membrane perturbing action of pardaxin [42] . The importance of hydrophobic contacts of antimicrobial peptides with the acyl chains has been demonstrated for a number of cases (e.g., [14, 17, 19, 54] ). The fibril could further incorporate lipids in a manner exposing the polar headgroups in the hydrophilic surface of the fiber, with the acyl chains protruding from the hydrophobic surface and extending into the bilayer [14] , in essence as described by the 'toroidal pore' model. Accordingly, the 'leaky slit' model readily complies with the profound toxicity of fibrils.
PlA causes vesicle aggregation and leakage of vesicle content at nanomolar concentrations both for zwitterionic as well as negatively charged liposomes, while the aggregation is more extensive for the latter. Importantly, PlA forms amyloid-like fibers only in the presence of negatively charged liposomes whereas no fibers were observed in the presence of neat zwitterionic liposomes. We certainly cannot exclude neither the 'carpet' nor the 'toroidal pore' models. In particular, it has indeed been proposed previously, that some peptides, which disrupt membranes via 'carpet' mechanism, approach the membranes in an oligomerized state and have highly α-helical arrangement before coming in contact with the membranes [55] . It seems likely that depending on the lipid composition (including presence of acidic lipids and sterols, for instance) and the structural features of the peptide (viz. charge, conformational flexibility, amphipathic nature, requirements for aggregation and fibril formation), all these mechanisms, 'carpet', 'toroidal pore', and 'leaky slit' proposed here could be involved in membrane perturbation by antimicrobial peptides. While the 'leaky slit' can be regarded as a refinement of these two possibilities, this model also contain essential new key features, emphasizing the importance of the amphipathic and fibrillar nature of the fibers for their toxicity. Moreover, depending on the pathways of fibril formation the length of the fibrils is expected to vary and depend on the local concentration of the peptide in membrane. Accordingly, the size of the 'pores' formed should also depend on the membrane content of the peptide [56] . The 'leaky slit' also depicts, how these fibrils could promote positive curvature in membranes in another way, additional to that involved in the 'toroidal pore' model. The depicted features align with the observations on more complex antimicrobial peptides, such as LL-37 [41, 54] as well as the properties of the synthetic peptide, MSI-78 [40] . The generic nature of the toxicity of protein fibrils is intriguing. We have recently pointed out the analogy between the mechanisms of action of (i) antimicrobial peptides, (ii) cytotoxic peptides forming 'classical' amyloid fibers (such as Alzheimer's Aβ-peptide, α-synuclein, and prions), (iii) proapoptotic proteins (e.g., cytochrome c, histone H1), and (iv) cytotoxic, cancer cell killing proteins, such as endostatin, lysozyme, and α-lactalbumin [31, 32] . Along these lines it seems possible that also proapoptotic proteins, such as Bax belong to this category, penetrating and permeabilizing membranes in their oligomeric state [57, 58] .
The above model assumes a critical role for the acidic phospholipid-induced change in the distribution and orientation of the peptide in the bilayer. Intriguingly, PS has been reported to be exposed on the extracellular plasma membrane leaflet of cancer cells and vascular endothelial cells [29, 30] . This phospholipid would therefore be available for interactions with plA, resulting in the formation of aggregates by the lipid associated peptide on the plasma membrane surface of these cells, causing permeabilization of the membrane and cell death. Killing of bacteria by plA could involve a similar mechanism due to the high content of negatively charged phospholipids in the outer bacterial membrane leaflet. In this context it is, however, of interest to note that many pathogens including bacteria, yeast, and fungi are surrounded, in addition to the plasma membrane, by an external barrier containing mainly polysaccharide compounds. It is thus feasible that the selective activity of antimicrobial peptides may additionally depend also on properties other than their lipid-binding characteristics, because before reaching the cytoplasmic membrane these peptides need to cross the cell wall, a process that should also depend on the structure and oligomeric state of the peptide [33] .
